The self-diffusion coefficient D for super-and subcritical water is determined by using the proton pulsed-field-gradient spin echo method at high temperatures and low densities. The density of water is ranged in the steamlike region from 0.0046 to 0.0650 g cm −3 at a supercritical temperature of 400 ° C , also at 0.0046 -0.0079 and 0.0046 -0.0462 g cm −3 ͑the steam-branch densities on the coexistence curve and lower͒ at 200 and 300°C, respectively. The density is precisely determined on the basis of the PVT dependence of the proton chemical shift. The density-diffusivity products in the zero-density limit divided by the square root of the temperature, ͑ D ͒ 
I. INTRODUCTION
Recently, we have developed a high-sensitivity multinuclear magnetic resonance ͑NMR͒ probe applicable for diffusion measurements at high temperatures and succeeded in determining in high precision the self-diffusion coefficient for sub-and supercritical water. 1 Here we focus on the extremely low, gaslike density region, = 0.0046-0.0650 g cm −3 ͑corresponding to the pressure of 1.4-15.2 MPa at 400°C͒. It is interesting to test the simple gas kinetic theory by investigating how the self-diffusion of supercritical water depends on the presence of hydrogen bonding interaction at low densities. It has long been a fundamental issue how to describe the transport properties of gases and liquids from a molecular viewpoint. [2] [3] [4] Our new experimental results will allow us to get a new insight into the low-density dynamics controlled by strong attractive intermolecular interactions. A molecular picture of the translational diffusion of reactive species including water itself is needed for the understanding of supercritical water reactions that have recently advanced a great deal. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The temperatures and densities studied are also typical of steam in power plant and the transport properties in it are important for improving power generation efficiency. 16, 17 Previously, the self-diffusion coefficient D for supercritical water has been obtained at a density of 0.07 g cm −3 ͑3.9 M; M = mol dm −3 ͒ and higher. 1, 18 It has been observed that D increases steeply with decreasing density as the hydrogen bonds are broken. The steep increase has been explained by the approximate constancy of the product of the density and the self-diffusion coefficient, D, on the basis of the Boltzmann equation applied for dilute gases. The dilutegas approximation, however, can be reliable only when the average intermolecular distance ͑ n −1/3 ; n , the number density͒ is significantly larger than the molecular size. Thus, it is desired to study supercritical water at much lower densities than before from a dynamical viewpoint. The lowest density investigated in this study is 0.0046 g cm −3 ͑0.26 M͒, which is an order of magnitude smaller than the previous. Our objective is ͑1͒ to determine the self-diffusion coefficient D for supercritical water at sufficiently low densities where D can be safely extrapolated to the zero-density limit, ͑2͒ to test the self-diffusion coefficient predicted by the kinetic theory for dilute gases at sufficiently low densities where the transport properties are mainly controlled by uncorrelated binary interactions, ͑3͒ to compare the experimental results with those obtained by molecular dynamics ͑MD͒ simulation performed at much lower densities than before, ͑4͒ to examine whether the influence of the attractive part of the potential is present or not when the temperature is varied over a wide range of 200-400°C, and ͑5͒ to examine how D approaches the zero-density limit when the density is continuously lowered.
Water is of great interest because the attractive potential effect on the self-diffusion is particularly strong; the spherically averaged depth of the Lennard-Jones ͑LJ͒ potential well for water, / k B , is 809.1 K. 19 In this study, the temperature scaled by the LJ potential well depth, T * = k B T / , is widely ranged from 0.58 to 0.83. Thus we can scrutinize how the product D / ͱ T, the temperature-independent value in the hard sphere model, is changed with temperature. At a lower temperature of 200°C ͑473 K͒, in particular, the effect of attractive interactions on steam is expected to be large because the temperature is rather "low" when it is scaled by the potential well depth, k B T / = 0.58. It should be noted that the a͒ Author to whom correspondence should be addressed. −3 in the present work corresponds to r = 0.0143, which is much lower than those so far obtained by PGSE method and is comparable to those by tracer method. [30] [31] [32] [33] When the density is lowered, the self-diffusion coefficient depends more strongly on the density; the self-diffusion coefficient diverges to the infinity in the zero-density limit. Thus the sample density needs to be determined very precisely in order to establish the density dependence of diffusion at low densities. The advantage of our sealed-tube method 1 is the separability of density and temperature effects. In this study, the density is determined in a high precision of 1% by making use of the proton chemical shift coupled with the PVT data of water. 34 The precise density measurement has become possible owing to the high-field strength of the superconductor magnet ͑11.3 T, 500 MHz for 1 H͒ and the high-level temperature homogeneity. The product D / ͱ T is determined accurately enough to allow detailed comparison to theoretical analysis.
In the following section, we outline the simple gas kinetic theory for the self-diffusion coefficient. Section III contains the procedures for density measurement, diffusion measurement, and MD simulation. In Sec. IV, the temperature and density dependencies of the self-diffusion coefficient for supercritical water in the low-density limit are discussed in relation to the simple gas kinetic theory. Conclusions are given in Sec. V.
II. THEORETICAL BACKGROUND
We briefly review the gas kinetic theory for the selfdiffusion coefficient. [2] [3] [4] Let us consider dilute gases in which the intermolecular distance is significantly larger than the molecular size. On the basis of the Chapman-Enskog solution to the Boltzmann equation, the self-diffusion coefficient is expressed as
where D HS is the self-diffusion coefficient for dilute hard sphere gases, k B is the Boltzmann constant, T is the temperature, m is the mass, n is the number density, is the diameter, and ͗⍀ ͑1,1͒ ͘ is the collision integral, which is a function of the intermolecular potential and temperature. It should be noted that the density and temperature dependencies of D HS are reduced to the constancy of D HS / ͱ T.
The integral ͗⍀ ͑1,1͒ ͘ has been rigorously obtained for the 6-12 LJ potential and is tabulated 2 as a function of the scaled temperature T * = k B T / . When the temperature is increased, ͗⍀ ͑1,1͒ ͘ for LJ potential monotonically decreases as a result of the increasing effect of the kinetic energy against the attractive potential. Recently, an extensive MD study of the LJ potential has been performed over a wide range of density including the extremely low-density region ͑ r ജ 0.016͒. 35 The D values thus obtained at extremely low densities are in agreement with those calculated by the Boltzmann equation with surprising accuracy. There has been an attempt to calculate ͗⍀ ͑1,1͒ ͘ for polar gases by using the simple Stockmayer ͑6-12-3͒ potential ͑Lennard-Jones potential with a point dipole͒ on the assumption that the relative orientation of dipoles does not change during a collision. 36 The results are in good agreement with the experimental transport properties for various kinds of polar gases. For water, however, particular difficulties in the application have been mentioned in view of the high polarizability and the directional hydrogen bonding interactions. 36 To the best of our knowledge, there has been no analytical work on the collision integral for water by explicitly taking into account the anisotropic intermolecular potential and the rotational degrees of freedom. Thus, we have performed the MD simulation to determine the D values for super-and subcritical water in the extremely low-density region of 0.001-0.10 g cm −3 . In the previous paper, 1 MD simulation of the TIP4P-FQ model well reproduced the diffusion coefficients for super-and subcritical water obtained by our NMR measurements. In computer simulation methods, significant progress in reproduction of experimental results has been achieved. [37] [38] [39] [40] [41] [42] [43] Thus the overall tendency of the MD simulation results should be valuable. It should be noted that the TIP4P-FQ model excellently reproduced the NMR experimental results on the nonmonotonic density dependence of the rotational correlation time 2R for low-and medium-density supercritical water.
For fluids at higher densities, a modification in the solution to the Boltzmann equation must be made since the effect of the finite molecular size must be taken into account. For the LJ fluids, the initial slope of the product D against has been calculated numerically from the approximate theory for the Boltzmann equation developed by Benett and Curtiss. 45 The slope calculated is slightly negative. The slope obtained by the modified Boltzmann equation is in good agreement with the recent MD results. 35 The hard sphere approximation called the Enskog theory has been widely used for dense gases because binary collisions can be clearly described for hard spheres even at high densities. In the Enskog theory, the enhancement in the collision frequency is introduced by multiplying n by g͑͒, where g͑͒ is the radial distribution function at the contact distance ͑͒ for hard spheres. 46 The g͑͒ for hard spheres can be obtained by the CarnahanStarling expression and is g͑͒ = ͑1 − 0.5͒ / ͑1−͒ 3 , where
The g͑͒ is unity in the zero-density limit and monotonically increases with increasing density, leading to the negative initial slope of D against .
48 It is to be noted that this expression is based on the hard sphere approximation and the attractive interaction is neglected.
III. PROCEDURES A. Density measurements
A precise density measurement is essential for the study on the density dependence of the self-diffusion of supercritical water in the low-density region. The sealed-tube method employed in this study is suitable for the purpose as previously referred to. 1 In this method, water is sealed in a quartz tube and a supercritical state is realized by raising the temperature. In the preceding paper, 1 we determined the density by measuring the mass of the sample water and the bore volume of the tube. The precision of the mass-volume method is 0.01-0.02 g cm −3 , which is insufficient for the present study in the extremely low-density region. 49 In this study, we have overcome the difficulty by taking advantage of the proton chemical shift. The proton chemical shift is a powerful probe as the PVT relation of water is experimentally formulated at high temperatures under precise temperature regulation. 34 The density in the one-phase region is uniquely determined in a quartz tube ͑closed system͒ by the transition temperature T t at which the boundary between the liquid and gas phases disappears. The density in a supercritical state is equal to that of the gas branch of the coexistence curve at T t when the density is lower than the critical. The PVT data for water are released by the International Association for the Properties of Water and Steam ͑IAPWS͒. 34 The T t can be determined according to the temperature dependence of the proton chemical shift ␦ of the gas phase. In Fig. 1 , the temperature dependence of the ␦ is shown for a sample at 0.0046 g cm −3 in the vicinity of T t . As can be seen, ␦ has a maximum. The temperature of the maximum ␦ is T t because the temperature dependence of the hydrogen-bond strength, which is in positive correlation with ␦, turns over at T t in a closed system. Below T t , the signal comes from the gas branch of the coexistence curve 50 and the hydrogen bonding in the gas phase enhances with increasing temperature due to the increase in the density. 51 Above T t , the density of the encapsulated water is constant and the hydrogen-bond strength reduces monotonically with increasing temperature due to the increase in the kinetic energy of water molecules. The 1 H spectra were taken at temperature intervals of 1°C near T t in a fully automated manner. At each temperature, the 1 H spectra were taken five times consecutively with 10 min intervals after the temperature equilibration ͑within 10 min͒. The effect of supersaturation or superheating is negligible at high temperatures and low densities. This was confirmed by changing the temperature both upward and downward and the T t values thus determined were almost identical. For the samples at 0.0425 g cm −3 and below, gaseous acetone was used as an external reference.
52 T t and the density could be then determined in a precision of ±1°C and ±1%, respectively. In this study, we set the temperature homogeneity in the sample much higher ͑within 0.5 and 2°C at 200 and 400°C, respectively͒ than that in Ref. 1 because of the absence of the convection effect in the low-density region.
The sample was prepared as follows. Water was purified using a Milli-Q Labo ͑Millipore͒ filter system. Quartz sample tubes ͓1.5 mm inner diameter ͑i.d.͒ and 2.7 mm outer diameter ͑o.d.͔͒ were used for the diffusion measurements. The procedure for confining water into the quartz tube is the same as that described in the previous paper ͑see Fig. 2 in Ref. 1͒ except for the following: the air inside was once exchanged by argon to remove paramagnetic oxygen and then the argon was selectively removed by a vacuum pump from the sample frozen with NaCl-containing ice. 53 This procedure is needed because of the extremely low density in the present study. The solubility of quartz in hot water is so small 54 that it must have little effect on T t .
B. Diffusion measurements
Diffusion measurement techniques and the apparatus have been described in detail in the previous paper. 1 Only important aspects are briefly described here. Hightemperature experiments were possible by setting a hightemperature probe 1 in a NMR spectrometer ͑JEOL ECA500 wide-bore type͒ with a superconductor magnet ͑11.3 T͒. The The corrected one is in the Erratum intensity of the half-sine-shaped magnetic field gradient g was fixed at 0.671 mT cm −1 . In each measurement, we took ten different values of the duration ␦ of the magnetic field gradient pulse. To check the reproducibility, the measurement was repeated five times for each sample at each temperature. The uncertainty of D was ±1% among five runs consecutively performed for one sample. The total uncertainty of D was estimated at about ±5% by taking into account the error due to the sample resetting. The free induction decay ͑FID͒ signals were accumulated 1-32 times for each ␦. The signal-to-noise ratio for ␦ = 0 ms exceeded 150 even at the lowest density of = 0.0046 g cm −3 .
C. Molecular dynamics simulation
The simulation procedure was the same as that described in Ref. 44 . The TIP4P-FQ model was adopted as the potential function. 55 The molecular dynamics simulation was performed using a time-reversible quarternion algorithm. 56 The molecular dynamics was carried out for 2.5 ns at densities of 0.005 g cm −3 and higher and for 7.5 ns at densities of 0.002 g cm −3 and lower, with a time step of 1.0 fs. A long simulation is required toward low density because the velocity autocorrelation time becomes large in the dilute region. It is to be noted that, owing to the definition of the fluctuating charge, the TIP4P-FQ model can incorporate the variation of the dipole moment of the water molecule in response to the surrounding environment. The dipole moment, which is a function of the thermodynamic condition, is the most important parameter for the MD of water.
IV. RESULTS AND DISCUSSION
The density and temperature effects can be separately investigated in supercritical water whose density is continuously varied at each temperature fixed. Thus we can scrutinize the kinetic and potential effects in a separate manner. We have examined the density effect on the self-diffusion of water over a density range of 0.0046-0.0650 g cm −3 at fixed temperatures in the range of 200-400°C and the temperature effect on the isochore in the same temperature range. The self-diffusion coefficients determined are summarized in Table I . We discuss the self-diffusion for supercritical water in the zero-density limit and the temperature and density effects at low densities.
A. Self-diffusion in the zero-density limit
In this section, we examine the self-diffusion coefficient for water in the zero-density limit. The self-diffusion coefficient D obtained for water at extremely low densities is shown in Fig. 2 in the form of D / ͱ T.
First we confirm the reliability of the present experimental results. The self-diffusion coefficient D is very strongly dependent on the density in the low-density region as shown in Table Ia and the accuracy of the D / ͱ T value is controlled by the uncertainty of the density; the accuracy of the absolute value of D is much better. We have checked the reliability of the density measurement procedure newly developed in this study by examining whether the D / ͱ T value is consistent with that on the gas branch of the liquid-gas coexistence curve, where the vapor density is uniquely determined by the temperature. In Fig. 2, it The gas branch of the liquid-gas coexistence curve. The error in density is due to the temperature instability of ±0.5°C. 
B. Temperature dependence of the self-diffusion
In this section, we discuss the temperature effect on the self-diffusion coefficient for supercritical water in the zerodensity limit. In Fig. 3 , ͑D͒ 0 / ͱ T is plotted against the temperature. It is seen that ͑D͒ 0 / ͱ T decreases with decreasing temperature. This indicates that the dynamic effect of the strong attractive interactions between water molecules is stronger at lower temperatures. The overall tendency of the temperature dependence of ͑D͒ 0 / ͱ T is well reproduced by MD simulation, as shown in Fig. 3 . The ͑D͒ 0 / ͱ T values in Fig. 3 are significantly smaller than that of the hard sphere model, ͑D HS ͒ 0 / ͱ T, which is 1.95 fg m −1 s −1 K −1/2 with at 2.64 Å. 19, 57 The large difference can be accounted for by considering the presence of scattering or orbiting of an encounter molecule in the attractive part of the potential.
Let us test to what extent the collision integral calculated for the LJ potential or the Stockmayer ͑point-dipole͒ potential can explain the self-diffusion for low-density water. The ͑D͒ 0 / ͱ T values calculated by using the collision-integral values for LJ ͑Refs. 2 and 19͒ and Stockmayer 36 potentials are included in Fig. 3 for comparison. They are in fairly good agreement despite the marked simplification of intermolecular potentials. This is probably because the experimental properties of water are used to determine the potential parameters, experimental virial coefficients for LJ potential and viscosity data for Stockmayer potential. MD simulation with the LJ potential also well reproduces the temperature dependence of ͑D͒ 0 / ͱ T. 35 In this context, LJ or Stockmayer approximations can provide a rough value of D for practical use. It should be noted, however, that higher approximations like TIP4P-FQ model are desired to be used for a better understanding of the detailed mechanism of the collision and orbiting in supercritical water dynamics.
The temperature dependence of D can be separated into the kinetic ͑hard sphere͒ and the ͑attractive͒ potential contributions. The activation energy for the self-diffusion at constant density can be decomposed into
where E pot is the potential contribution and the kinetic contribution E kin is introduced as
The E D is 7 ± 1 kJ mol −1 in the thermodynamic conditions studied. The kinetic contribution E kin is 2.6 kJ mol −1 , 58 and thus the contribution of the potential effect E pot is 4 -5 kJ mol −1 . The E pot value is one-half to one-fourth of the hydrogen-bond dissociation free energy E ␦ obtained from the proton chemical shift at 400°C; E ␦ is 18± 11 kJ mol −1 at 0.19 g cm −3 and is expected not to be smaller at a lower density. 20 This can be understood as follows. E D corresponds to the energy to break the hydrogen bonding to diffuse. E ␦ is, on the other hand, related to the equilibrium free energy change when a specific pair of water molecules is brought from a hydrogen bonding configuration to an infinite separation. The pair of water in the "activated state for diffusion" are on the way to an infinite separation and thus E D is expected to be somewhat smaller than the static E ␦ .
The temperature dependence of D is often approximated empirically by a power of the temperature: 
C. Density dependence of the self-diffusion at low densities
In this section, we examine the density dependence of the self-diffusion coefficient at extremely low densities. As seen in Fig. 2 , the initial slope of D / ͱ T against is almost zero at 400°C and slightly negative at 300°C. The magnitude of the slope and its temperature dependence are well reproduced by the MD simulation of TIP4P-FQ model as inferred in Table Ib. 59 MD simulation by the LJ potential 35 gives similar slope values. 60 The experimental initial slopes for other substances are, in general, slightly negative or almost zero. [22] [23] [24] [25] [26] [30] [31] [32] [33] On the other hand, the Enskog theory for hard spheres at higher densities gives a much more negative slope than the present. 3 Here we test whether the density dependence of D / ͱ T can be accounted for or not in analogy with the Enskog theory in terms of g͑͒. The g͑͒ for water ͓the intermolecular site-site radial distribution functions g OO ͑r͒, g OH ͑r͒, and g HH ͑r͔͒ needs to be obtained from other experiments ͑diffi-cult at low densities͒ or computer simulations. In this study, we obtained g͑͒ by MD simulation. Since g͑͒ at contact cannot be clearly defined for water, we use the density in the first coordination shell divided by the bulk density, l / , obtained by integrating the oxygen-oxygen radial distribution function g OO ͑r͒ from 2.4 Å up to the first minimum of 5.0 Å. 61 The l / values at 400°C is listed in Table II . The l / values increase with decreasing density in accordance with the previous studies at higher densities. 20, 21, [62] [63] [64] The slope of D HS / ͱ T͑ l / ͒ against is positive, in disagreement with the present experimental results. Thus the density dependence of the self-diffusion for water cannot be explained in terms of the Enskog theory, where is multiplied by g͑͒ to enhance the collision frequency.
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V. CONCLUSIONS
Using PGSE method with a precision high-temperature NMR probe, we have determined the self-diffusion coefficient D for water in the low-density region of 0.0046-0.0079, 0.0046-0.0462, and 0.0046-0.0650 g cm −3 at 200, 300, and 400°C, respectively. The water density in the extremely low-density region is successfully determined by the method newly developed on the basis of the density dependence of the proton chemical shift. Let us summarize the present results.
͑1͒
The product ͑D͒ 0 / ͱ T obtained by the extrapolation to the zero-density limit is significantly smaller than the one in the hard sphere model. ͑2͒ The D values obtained by the experiment are in agreement with those obtained by the MD simulation with TIP4P-FQ model. ͑3͒ The product ͑D͒ 0 / ͱ T in the zero-density limit is smaller at a lower temperature.
͑4͒
The slope of D / ͱ T against is almost zero at 400°C
and slightly negative at 300°C.
The absolute value of ͑D͒ 0 / ͱ T ͑1͒ reflects the strong attractive interactions in the extremely low-density region. The temperature dependence of ͑D͒ 0 / ͱ T ͑2͒ indicates an increasing effect of attractive interactions at a lower temperature. The tendency in the temperature dependence is also well reproduced by MD simulation. The density dependence ͑3͒ is consistent with the density dependence of D / ͱ T by MD simulation. The fair agreement ͑4͒ has encouraged us to perform a detailed analysis by using MD simulation to elucidate the diffusion mechanism controlled by scattering or orbiting in a strongly attractive part of potential. Also a mixture system is desired to be studied to understand intermolecular interactions between similar and dissimilar molecules from a dynamical viewpoint.
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